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[1] The long-lasting 1783–1784 CE Laki flood lava eruption in Iceland released
around 120 Tg of sulfur dioxide into the upper troposphere/lower stratosphere.
Northern Hemisphere temperature proxy records of the 1780s indicate below-average
temperatures for up to three years following the eruption. The very warm summer of
1783 in Europe, which was followed by a very cold winter, may have been caused by the
eruption, but the mechanisms are not yet well understood. Some studies attributed the
cold winter 1783–1784 to natural variability of climate. However, our climate model
simulations show that the Laki radiative effects lasted long enough to contribute to the
winter cooling. We suggest that sulfur isotopic composition measurements obtained using
samples from Greenland ice cores do not provide evidence of either a short-lived volcanic
aerosol cloud or a short-lived climatic impact of the Laki eruption. In fact, the applicability
of mass-independent sulfur isotopic composition measurements for interpreting the
climatic impact of any high-latitude eruption remains yet to be demonstrated.
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1. Introduction

[2] The 1783–1784 CE Laki eruption commenced on 8 June
1783 and is the best-documented example of a long-lasting
flood lava eruption in Iceland. Over the course of eight months,
the eruption injected around 120 Tg of sulfur dioxide (SO2) into
the upper troposphere and lower stratosphere above Iceland
[Thordarson and Self, 2003]. Generally, the effects of powerful
but relatively short-lived explosive volcanic eruptions releasing
SO2 and other gases into the stratosphere on radiative forcing of
climate and atmospheric circulation are fairly well understood
[e.g., Robock, 2000]. Nevertheless, there is now an emerging
debate as to the lifetime of the volcanic aerosol, the length of the
radiative forcing and the magnitude of the climate impact of the
long-lasting 1783–1784 CE Laki eruption [D’Arrigo et al.,
2011; Lanciki et al., 2012].

[3] In January 2012, Laki-type eruptions were added to
the UK National Risk Register for Civil Emergencies as one
of the highest priority risks with potentially “widespread
impacts on health, agriculture and transport” [UK National
Risk Register, 2012]. Previous studies have assessed the
health hazard such an event could pose for the population in
contemporary Europe [Schmidt et al., 2011], and the atmo-
spheric and climatic perturbations created by the eruption in
1783–1784 [Highwood and Stevenson, 2003; Stevenson
et al., 2003; Thordarson and Self, 2003; Chenet et al.,
2005; Oman et al., 2006a, 2006b; Schmidt et al., 2010].
[4] Even though the occurrence of a large-magnitude Laki-

type event is of a much lower probability (one event every 200
to 500 years) than that of a typical, much-smaller-magnitude
explosive Icelandic volcanic eruption (one event every five
years on average) [Thordarson and Larsen, 2007], it is
important to fully understand the length of the climate impact
of a Laki-type event for hazard mitigation and emergency
planning. We therefore review and further analyze data from
existing studies [Oman et al., 2006a, 2006b] to argue that the
suggestion of a short-lived (i.e., less than six months) climate
impact of the 1783–1784 CE Laki eruption [D’Arrigo et al.,
2011; Lanciki et al., 2012] is unsupported. We discuss argu-
ments for and against a considerable atmospheric/climatic
perturbation with a focus on the study by Lanciki et al. [2012],
who used mass-independent sulfur isotopic composition
measurements of the Laki sulfates to interpret Laki’s climatic
impact. We also suggest that the estimate of the stratospheric
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component from Laki byCrowley and Unterman [2012] is too
simplistic and not supported by deposition fluxes simulated
using comprehensive general circulation models [Oman et al.,
2006a; Gao et al., 2007].

2. Arguments for Inferring a Short-Lived
Climate Impact

[5] Lanciki et al. [2012] presented mass-independent sul-
fur isotopic composition (D33S) measurements of a volcanic
sulfate (SO4) peak identified at �20 m depth in a 79-m ice
core from the Summit region of the Greenland ice cap. This
SO4 peak has been linked to the Laki eruption and four
samples from the “Laki” layer were collected for analysis.
Three out of four samples yielded measurable results with
two samples showing no significant D33S anomaly (D33S ≈
0 ‰) and one sample showing a D33S anomaly just outside
the analytical uncertainty range (D33S = �0.13 ‰).
[6] Previous studies provided evidence that volcanic SO4

aerosol formed during powerful explosive eruptions in the tro-
pics and recorded in Antarctic ice cores possesses a significant
D33S anomaly [Savarino et al., 2003; Baroni et al., 2007,
2008]. Lanciki et al. [2012] showed that the SO4 aerosol
extracted from one ice core in Greenland linked to the tropical
eruption of Tambora (1815) and two eruptions (1806–1809 CE
and 1256–59 CE) from unidentified volcanoes (hereafter
“Unknown”) also possess significant D33S anomalies.
[7] Tambora was a large explosive eruption in the tropics

injecting volcanic material high into the stratosphere, and the
Unknown events are assumed to have also been large explosive
eruptions [e.g., Stothers, 1984; Oppenheimer, 2003; Self et al.,
2004; Gao et al., 2008; Thordarson et al., 2009] (Figure 1a).
For such eruptions, the D33S signature measured in the vol-
canic SO4 has been suggested as a means to assess whether
the photochemical conversion of SO2 to SO4 aerosol took
place in the stratosphere at altitudes >20 km or whether it was
confined to altitudes below that (i.e., the lower stratosphere or
upper troposphere) [e.g., Savarino et al., 2003]. Therefore,
the presence of D33S anomalies might provide some indica-
tion of the initial injection height of the sulfur-bearing vol-
canic plumes produced by powerful explosive eruptions in
the tropics, and the eruption’s subsequent climatic impact
[Savarino et al., 2003; Baroni et al., 2007, 2008; Lanciki et al.,
2012]. However, no previous study has shown whether sulfur
isotopic composition measurements and their interpretation
are applicable to volcanic eruptions at high latitudes in the same
manner as for powerful explosive eruptions in the tropics.
[8] Depending on the chemical process and reaction con-

ditions, fractionation of sulfur isotopes results in sulfur iso-
tope ratios (d32S, d33S, d34S, d35S) measured in the reaction

product either being proportional to the relative difference in
mass between the lighter and the heavier isotope (i.e., mass-
dependent with, for example, d33S ≈ 0.515 d34S) or deviating
from this mass-dependent relationship (i.e., mass-indepen-
dent or anomalous, for example, D33S = d33S � 1000 [(1 +
d34S/1000)0.515 � 1]) [e.g., Farquhar et al., 2001]. At alti-
tudes below 17 km, the gas-phase oxidation of SO2 into
sulfuric acid by the hydroxyl radical (OH) is mass-dependent.
Hence, SO4 aerosol particles formed in the troposphere are
expected to carry no anomalous D33S signals (Figure 1b). In
the stratosphere the gas-phase oxidation of SO2 into sulfuric
acid proceeds via the same reactions as in the troposphere
(i.e., reactions (R1) to (R4) in Figure 1b) but photochemical
reactions driven by ultraviolet (UV) radiation, such as the
photolysis of either SO2 or SO3, result in a mass-independent
fractionation of sulfur isotopes, the signature of which could
then be transferred as a marked D33S anomaly to the SO4

aerosol product (Figure 1b) [Farquhar et al., 2001; Savarino
et al., 2003; Pavlov et al., 2005]. SO2 photolysis has been
shown to take place at UV wavelengths shorter than 220 nm
[e.g., Farquhar et al., 2001] and is therefore largely confined
to stratospheric altitudes above 20 km. SO3 photolysis
requires UV wavelengths between 195 nm and 330 nm,
which can be present in the troposphere; however, SO3

photolysis is most efficient at mid-stratospheric altitudes
between 25 km and 35 km. [e.g., Burkholder and McKeen,
1997]. Savarino et al. [2003] proposed a third reactive
mechanism by which the SO4 aerosol product could incor-
porate a D33S anomaly based on a “photo-oxidation” reac-
tion suggested by Chung et al. [1975]. Pavlov et al. [2005]
used a 2-D model to simulate the D33S signature of the vol-
canic SO4 aerosol formed during the 1991 Mt. Pinatubo
eruption (15.13�N, 120.35�E) and concluded that, in the
present-day atmosphere, SO2 photolysis could not produce
any measured D33S anomaly in ice cores, but that SO3 pho-
tolysis could. Overall, there is still debate as to which photo-
chemical reaction pathways are responsible for inducingD33S
anomalies in sulfates in the present-day atmosphere. Further
research is also required to quantify the chemical and physical
processes involved on different temporal and spatial scales.
[9] Notwithstanding the above, based on their D33S

measurements with D33S ≈ 0 ‰ for two out of the four Laki
SO4 samples, Lanciki et al. [2012] concluded that:
[10] i) “… the Laki eruption injected no significant

amount of SO2 into the stratosphere above the maximum
ozone altitudes” (i.e., >20 km).
[11] ii) “The deposition pattern of the Laki sulfate in

Greenland ice cores indicates a short (<6 months) residence
time for the bulk of the Laki aerosols, consistent with a
tropospheric-only scenario of Laki aerosols.” and

Figure 1. Schematics outlining dispersal directions, deposition and chemical processes relevant for powerful volcanic
eruptions in the tropics (Pinatubo) and long-lasting high-latitude flood lava eruptions (Laki). (a) The main dispersal path-
ways in the stratosphere and removal of the aerosol in midlatitude storm belts and regions of tropopause folds for the
Mt. Pinatubo eruption and the Laki eruption. (b) Schematic representations of the mass-dependent photochemical conversion
of sulfur dioxide (SO2) to sulfate aerosol (SO4), with the SO4 aerosol not possessing a D33S anomaly (black circles) for (I)
the 1783–1784 CE Laki eruption supporting eruption columns that reached the upper troposphere (UT) and lower strato-
sphere (LS) above Iceland. Panels (II) and (III) are representative of more powerful explosive volcanic eruptions that yield
eruption columns in excess of 20 km altitude, with panel (II) showing that the mass-independent photolysis of sulfur trioxide
(SO3) at altitudes above 25 km can result in a D33S anomaly in the SO4 aerosol product (gray circles) [cf. Pavlov et al.,
2005]; and panel (III) shows an alternative reaction pathway via the photolysis of SO2 [Farquhar et al., 2001] (gray circles
in panel III), that has been challenged by Pavlov et al. [2005] (black circles in panel III).
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Figure 1
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[12] iii) “Consequently, no significant climatic impact
may be expected from the Laki eruption beyond the initial
effects and, as suggested by D’Arrigo et al. [2011], other
factors were probably responsible for the unusual winter of
1783–1784 in the Northern Hemisphere.”
[13] We suggest that the second and third of these con-

clusions are incorrect, that the first one does not imply the
second or third one, and that even if the second one were
correct, it would not imply the third one.

3. Discussion

[14] We review the existing Laki literature, and further
analyze data from a previous Laki modeling study [Oman
et al., 2006a, 2006b] to discuss whether the apparently
short atmospheric residence time of the Laki aerosol together
with the apparent lack of anyD33S anomalies can be used to
deduce a short-lived climatic effect as has been done by
Lanciki et al. [2012].
[15] To simulate the climatic effect of the Laki eruption,

we used the NASA Goddard Institute for Space Studies
ModelE general circulation model [Schmidt et al., 2006].
This version of the model has 4� latitude by 5� longitude
horizontal resolution with 23 vertical levels up to 80 km.
The simulations used a q-flux mixed-layer ocean, which
allows the sea surface temperatures to adjust to changing
atmospheric fluxes, and a dynamic sea ice model which
allows the sea ice to respond to wind.
[16] We conducted ten ensemble members of three years

each with varying initial conditions to account for internal nat-
ural variability [Oman et al., 2006b]. The control run was based
on 30 years of model simulation and all simulations included
pre-industrial greenhouse gases and ozone concentrations. The
Laki simulations were perturbed with monthly mean volcanic
SO4 aerosol concentrations calculated previously [Oman et al.,
2006a] with ModelE coupled to an interactive aerosol/chemis-
try module [Koch et al., 2006], using the Laki SO2 emissions
data set of Thordarson et al. [1996].Oman et al. [2006a] give a

more detailed description of the chemistry module and the rel-
evant SO2 oxidation pathways.

3.1. Injection Height of Volcanic Volatiles During Laki

[17] None of the previous work on the Laki eruption sug-
gested that the eruption injected SO2 (or any other material)
“above the maximum ozone altitude” or that the eruption
resulted in stratospheric loading of sulfur at altitudes required
for the mass-independent fractionation of sulfur isotopes to
take place. Figure 2 shows simulated multiyear zonal June–
mean and December–mean ozone concentrations using the
SLIMCAT chemical transport model [Chipperfield, 1999,
2006]. At high northern latitudes ozone concentrations are
highest in the stratosphere at altitudes between 17 and 21 km,
which is well above the suggested eruption column heights of
9 to 13 km reached during the first five months of the Laki
eruption that produced ten explosive episodes of sub-Plinian
intensity [Thordarson and Self, 1993, 2003]. During the sum-
mer months the tropopause above Iceland is situated at around
11 km; hence the Laki volatiles were released into the upper
troposphere (UT) and lower stratosphere (LS). Thordarson and
Self [2003] used eruption column models [Stothers et al., 1986;
Thordarson and Self, 1993; Woods, 1993] and an eye-witness
record [Stephensen, 1783] to derive these column height esti-
mates. Therefore, conclusion (i) by Lanciki et al. [2012] cor-
roborates previous Laki studies in terms of the eruption column
heights.

3.2. Atmospheric Transport, Residence Time
and Deposition of the Laki Aerosol

[18] Lanciki et al. [2012] concluded that the Laki acidity
signal recorded in the Greenland Summit ice core “… favor[s]
the scenario of low-altitude injection used in model simu-
lations [Highwood and Stevenson, 2003; Oman et al.,
2006a].” because “The deposition pattern … indicates a
short (<6 months) residence time for the bulk of the Laki
aerosols ....”
[19] First, all Laki modeling studies undertaken so far

have assumed an SO2 injection height between 9 and 13 km

Figure 2. Simulated multiyear (1981–2005) zonal mean ozone (O3) concentrations (in DU per km) for
(a) June and (b) December using the SLIMCAT chemical transport model. The location of the 1783–
1784 CE Laki eruption is indicated by the red triangle.
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[Highwood and Stevenson, 2003; Stevenson et al., 2003;
Chenet et al., 2005; Oman et al., 2006a, 2006b; Schmidt
et al., 2010, 2011]. In addition, Stevenson et al. [2003] and
Highwood and Stevenson [2003] simulated alternative sce-
narios including a purely tropospheric scenario (referred to
as the “low-altitude injection scenario” in Lanciki et al.
[2012]) in which the SO2 mass was distributed evenly in
grid boxes between the surface and around 9 km. Regardless
of the employed injection height scenario, all studies men-
tioned-above indicated the presence of a UT aerosol veil until
at least March 1784 (e.g., Stevenson et al. [2003, Figure 8]
show a comparison of several injection height scenarios
using the STOCHEM model).
[20] Second, based on the width of the acidity signal given

in Figure 1 of Lanciki et al. [2012], the data appear to record
more than six months of Laki fallout to the Greenland
Summit region. Furthermore, in Lanciki et al. [2012], the
Laki SO4 peak appears to start in early spring 1783 when it
is expected to start in early summer 1783 (because the Laki
eruption commenced on 8 June 1783), which might suggest
issues with their age-model.
[21] Third, based on seasonal wind direction profiles

above Iceland [Lacasse, 2001] and dispersal directions for
recent explosive eruptions in Iceland [Petersen et al., 2012]
one can conclude that most of the UT/LS component of the
Laki aerosol veil is expected to have been dispersed east-
ward. Historical records in Iceland as well as dispersal axes
obtained from the Laki tephra fallout on the ground in Ice-
land and other parts of Northwestern Europe provide further
evidence of a net eastward transport [Thordarson and Self,
1993; Thordarson et al., 2003]. Analysis of these records,
including contemporary synoptic weather maps [Kington,
1988], not only indicate that the bulk transport took place
at the polar jet stream level but also show that there was
no significant westward plume dispersal toward Greenland
[Thordarson and Self, 1993; Thordarson et al., 2001;

Thordarson and Self, 2003; Thordarson et al., 2003]. In fact,
regions west of the Laki fissure were the areas in Iceland that
were affected the least [Thordarson and Self, 2003, and
references therein]. The contemporary records also describe
the occurrence of a lower tropospheric “dry fog” in certain
regions of western Greenland – the timing of which matches
the first occurrence of a dry fog in Northern Iceland. There-
fore, those plumes that reached Greenland were most likely
tropospheric, first transported to the east or northeast by
southwesterly winds followed by subsidence and deposition
onto the Greenland ice cap after circling the Polar region
(Figure 1a). For the Laki eruption, it is therefore reasonable
to conclude that only a small proportion of the UT/LS aerosol
loading was deposited onto the Greenland ice cap. Hence,
there is a strong possibility that Lanciki et al. [2012] mainly
sampled the tropospheric component of the Laki aerosol veil.

[22] Crowley and Unterman [2012] suggested that the
deposition of Laki SO4 in western Canada can be used to
estimate the stratospheric component of the Laki eruption;
however, we suggest that climate model simulations make a
more comprehensive effort to model the physics of the sit-
uation. Oman et al. [2006a] used a general circulation model
to show that the Greenland component of the Laki SO4

deposition matches the deposition fluxes as recorded in 23
different ice cores. Figure 3 shows the total SO4 deposition
in the year following the Laki eruption using the model
simulations by Oman et al. [2006a]. For the Laki eruption, it
becomes evident that the average deposition flux to Green-
land is lower than the Northern Hemisphere (NH) average,
which is corroborated by Stevenson et al. [2003, Figure 9]
for all three injection height scenarios used in the STO-
CHEM model. In fact, the main deposition region for a
stratospheric aerosol veil from a high-latitude eruption in the
NH is found in midlatitude storm belts and regions of tro-
popause folds (see also Figure 1a) which is in agreement
with other climate modeling studies [Gao et al., 2007;

Figure 3. Total sulfate (SO4) aerosol deposition (kg/km2) in the year following the onset of the Laki
eruption averaged from the three simulations presented in Oman et al. [2006a].
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Kravitz and Robock, 2011]. Given the discussion above, we
conclude that Lanciki et al. [2012] do not categorically show
that the Laki aerosol veil cannot have been present at UT/LS
altitudes for more than six months due to the close proximity
of the eruption and deposition site. In addition, there is no
means to infer whether the analyzed samples from Green-
land’s Summit region are representative of the stratospheric
or tropospheric component of the Laki aerosol veil or a
mixture of both. We suggest that, due to the proximity of
Greenland to the Laki eruption site, SO4 deposition to
Greenland ice cores may be an inadequate and ambiguous
proxy for drawing conclusions on the residence time of Laki
SO4 aerosol, especially that present in the UT/LS. Baroni
et al. [2007, 2008] noted that for mass-independent sulfur
isotope composition analysis, samples from several locations
should be analyzed because both the flux of the SO4 deposi-
tion to snow and its preservation vary considerably across the
polar ice caps. Such findings are reinforced by the fact that
there is a large spatial variability in the Laki SO4 deposition
fluxes among Greenland ice cores with fluxes ranging from
�80 kg km�2 to >300 kg km�2 [e.g.,Clausen and Hammer,
1988; Mosley-Thompson et al., 2003; Oman et al., 2006a;
Gao et al., 2007].

3.3. Interpretation of D33S Measurements
for High-Latitude Eruptions

[23] Baroni et al. [2008] noted that only high-time-
resolution sampling of one volcanic event will give confidence
as to whether an eruption was stratospheric in nature (if so,
the sign of the D33S anomaly changes over the course of the
SO4 deposition onto the ice cap). Similarly, Castleman et al.
[1973, 1974] noted time-dependent changes in d34S isotope
ratios measured in particles sampled in the lower stratosphere
following the 1963 Mt. Agung eruption (8.5�S [Self and
Rampino, 2012]). Lanciki et al. [2012] collected four sam-
ples across the Laki SO4 peak in order to measure d33S and
d34S; however, the sample corresponding to the peak SO4

concentration contained too little SO4 mass to enable analy-
sis. It is also noteworthy that the first Laki sample (Sample 1
in Lanciki et al. [2012]) actually possesses a D33S anomaly
of �0.13 ‰ that is outside the D33S analytical uncertainty
range of �0.08 ‰. Thus Lanciki et al. [2012] could have
given more consideration to the following aspects: 1) There
are not enough measurements to characterize the Laki depo-
sition over time, and the Greenland ice cap might not be the
most suitable sampling location due to the close proximity of
eruption site and deposition site. We doubt that there is a
sufficient spatial and temporal separation of the isotopic
reservoirs when samples from the Greenland ice cap are
analyzed for high-latitude eruptions. 2) Using measurements
from one core only, when it is known that there can be a high
spatial variability in sulfate deposition on ice, further
decreases the significance of the signal. 3) Arguing that
positive D33S anomalies of +0.18 ‰ for the Unknown 1809
event and +0.23 ‰ for Tambora 1815 are “large” and sig-
nificant anomalies while the D33S anomaly of �0.13 ‰ for
Laki is insignificant (seemingly because of the opposing
negative sign) seems ambiguous and not well justified. 4) If
SO2 photolysis were the driving process then one would not
expect the Laki SO4 to possess any D33S signature because
the Laki volatiles did not reach altitudes above 17 km where
SO2 photolysis takes place. If SO3 photolysis were the

driving process then the Laki SO4 could, in theory, carry a
D33S anomaly. However, inferring the altitude of volatile
injection would be very ambiguous given the wide UV
wavelength range. 5) Using D33S measurements to interpret
the climatic impact of any eruption, consideration needs to
be given to differences in eruption style, eruption duration
and source location. For example, the main phase of the
Tambora eruption lasted for about 18 h versus repeated
explosive episodes (total of ten) over the course of the first
five months for Laki.
[24] We conclude that, so far, neither the process inducing

a D33S anomaly in the volcanic sulfate product nor the
applicability of the measurements to high-northern latitude
eruptions has been rigorously demonstrated. Bindeman et al.
[2007] further discuss the limitations of D33S and D34S
measurements in sulfates leached from volcanic ash deposits
for a range of eruptions of different magnitudes and con-
cluded that a lack of a mass-independent sulfur isotope sig-
nal does not necessarily rule out that the volcanic volatiles
(for eruptions other than Laki) reached stratospheric alti-
tudes. Bindeman et al. [2007] and Martin and Bindeman
[2009] suggested that using oxygen isotope measurements
in synergy with sulfur isotopes might be a more adequate
means to interpret photolytic mechanisms, aerosol transport
and deposition processes as well as the climate impact of
volcanic eruptions.

3.4. Observed and Modeled Climate
Impact Following Laki

[25] Lanciki et al. [2012] used the lack of a D33S anomaly
together with the apparently short residence time of the Laki
aerosol as deduced from the Summit ice core to argue that
“[…] any Laki impact on NH climate would be minimal and
short-lived (i.e., limited to 1783) […].” referring to the
purely tropospheric scenario as used in Highwood and
Stevenson [2003]. However, the results of Highwood and
Stevenson [2003] indicate that, in the NH, the direct radia-
tive forcing of climate due to the Laki SO4 aerosol lasted at
least until March 1784. Even though the magnitude of the
radiative forcing varies depending on the injection height
scenario (maximum global mean forcing between �3 W m�2

and�1.5Wm�2), the forcing is still substantial with the purely
tropospheric scenario resulting in a maximum NH mean radi-
ative forcing of �3 W m�2 [Highwood and Stevenson, 2003].
[26] We suggest that Lanciki et al. [2012] do not recognize

that the climatic impact of the eruption will outlast the
radiative forcing anomaly. We highlight this point in
Figure 4 showing that the simulated changes in NH surface
temperatures lasted well into the latter half of 1784 and
clearly outlast the SO4 aerosol optical depth perturbation.
Oman et al. [2006a] simulated a peak global mean forcing of
�4 W m�2 for August 1783 resulting in a summer surface
temperature anomaly of �1� to �3�C over large parts of the
NH [Oman et al., 2006b]. Averaged over the NH, we find a
significant cooling of about �1�C during September 1783
(Figure 4a) with a peak aerosol optical depth of about 0.5
one month earlier. Highwood and Stevenson [2003] found
no statistically significant (at the 95% confidence level)
surface temperature anomaly for the purely tropospheric
scenario; however, NH temperature anomalies of up to
�0.35 K were found in the high-altitude injection scenarios
that are likely more representative of the height of the
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eruption columns while Laki was most intensely active. Both
Oman et al. [2006b] and Highwood and Stevenson [2003]
concluded that their simulated summer temperature anoma-
lies are in reasonable agreement with a variety of temperature
proxy data [Angell and Korshover, 1985; Briffa et al., 1998;
D’Arrigo and Jacoby, 1999; Jacoby et al., 1999] and the
1768–1794 European weather station records [Manley, 1974;
Kington, 1988; Parker et al., 1992; Thordarson and Self,
2003; Brázdil et al., 2010].
[27] Overall, differences in surface temperature anomalies

as evident from both the modeling studies and the proxy data
imply that the surface temperature response during Laki was
not spatially uniform. Therefore, it might not be

straightforward to use proxy records of surface temperature
changes for evaluating hemispheric mean temperature chan-
ges predicted by numerical models, with the response of
regional surface temperatures to transient radiative effects
depending on surface moisture, among other factors [see also
Mann et al., 2012 for additional discussion]. Furthermore,
none of the previous Laki modeling studies fully quantified
the aerosol indirect effect on climate following the eruption,
which by analogy with present-day aerosol forcing of climate
is expected to be at least of the same order of magnitude as
the aerosol direct effect [e.g., Lohmann and Feichter, 2005;
Forster et al., 2007]. This is reinforced by the results of
Highwood and Stevenson [2003] who estimated a NH mean

Figure 4. Simulated atmospheric and climatic perturbations due to the 1783–1784 CE Laki eruption with
(a) showing the monthly mean temperature anomaly (�C) averaged over the Northern Hemisphere (NH)
induced by Laki analyzing the model simulations of Oman et al. [2006a, 2006b]. The temperature anom-
aly is calculated with respect to the 30-year control run, and the error bars denote one standard deviation of
the interannual variability from the control run; and (b) showing the sulfate optical depth averaged over the
NH as a mean of the three Laki ensemble members used in Oman et al. [2006a].

SCHMIDT ET AL.: 1783 LAKI ERUPTION CLIMATIC IMPACT D23116D23116

7 of 10



aerosol indirect effect of�8 W m�2 during the first month of
the eruption based on the purely tropospheric scenario.
[28] D’Arrigo et al. [2011] attributed the anomalously

cold 1783–1784 winter to natural variability (rather than to
the effects of the Laki aerosol), namely due to the occurrence
of a negative North Atlantic Oscillation (NAO) combined
with an El Niño event in the Pacific. This is a similar
meteorological situation to that which occurred during the
cold winter of 2009–2010. Using the GISS modelE, the
heating rate anomalies induced by the Laki eruption did not
produce a negative NAO [Oman et al., 2006a, 2006b], nor
do high-latitude eruptions in general appear to produce a
negative Arctic Oscillation response in the model [Oman
et al., 2005]. Nonetheless, the direct radiative effects of the
Laki aerosol produced statistically significant temperature
anomalies during the winter of 1783–1784 in our simula-
tions. Figure 5 shows calculated surface air temperature
anomalies of up to �0.5�C over central Europe and up to
�2�C over parts of eastern North America during the winter
of 1783–1784 analyzing the model simulations by Oman
et al. [2006a, 2006b]. Seasonally averaged over the NH we
find a winter temperature anomaly of �0.36�C following
Laki. For comparison, the 1991 eruption of Mt. Pinatubo
resulted in a NH mean temperature anomaly of �0.7�C in
the year 1992 [McCormick et al., 1995, and references
therein]. Therefore, all that can be deduced from the current
evidence is that both the Laki radiative forcing during
winter 1783–1784, albeit weaker than during the initial five
months of the eruption, combined with the natural climate
variability, caused the anomalous 1783–1784 winter tem-
peratures. Lanciki et al. [2012] arrived at a similar conclu-
sion, but for different reasons. Alternatively, the overall
proposal by Lanciki et al. [2012] could be turned on its head
by concluding that D33S measurements of the Laki SO4 in
one Greenland ice core are likely not valid evidence for any

potential climate impact induced by a long-lasting high-
latitude eruption in Iceland.

4. Conclusions and Future Work

[29] Lanciki et al. [2012] measured the sulfur isotopic
composition of Laki sulfates deposited in a Greenland Sum-
mit ice core and found no significant D33S anomaly, which
led them to conclude that Laki had “little or no stratospheric
impact.” We show that, based on previous work, the Laki
sulfates would not be expected to possess a significant D33S
anomaly, because the volatiles were not injected into strato-
spheric altitudes at which mass-independent fractionation of
sulfur isotopes could be an important photochemical process
(i.e., altitudes well above 17 km at high northern latitudes).
Lanciki et al. [2012] used the lack of a D33S anomaly
together with the apparently short aerosol deposition time
interval (<6 months) to the Summit region to argue that the
Laki eruption had “no significant climatic impact … beyond
the initial effects ....” We suggest that the Lanciki et al.
[2012] study does not categorically demonstrate that the
Laki aerosol veil cannot have been present at upper tropo-
spheric and lower stratospheric altitudes for more than six
months because the majority of the Laki aerosol was trans-
ported by the polar jet stream to the east and northeast and
eventually deposited at midlatitudes (Figures 1 and 3).
Therefore, volcanic sulfate records in Greenland ice cores
may be inadequate proxies for both the total sulfate deposi-
tion (hence the total atmospheric aerosol loading) and the
duration of the presence of the aerosol veil in the upper tro-
posphere for long-lasting, high-latitude eruptions.
[30] In conjunction with the simulated winter temperature

anomalies following Laki (Figure 5) and temperature proxy
data, one could conclude that D33S measurements of vol-
canic sulfates recorded in Greenland ice cores are not a valid

Figure 5. Surface air temperature (SAT) anomaly (�C) for the winter of 1783–1784 (DJF) induced by the
Laki eruption using the model simulations by Oman et al. [2006a, 2006b]. The SAT anomaly is calculated
with respect to the 30-year control run, and the hatching denotes the statistical significance at the 95% con-
fidence level.
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means to infer any potential climate impact a Laki-type flood
lava event may have or have had. Such findings are impor-
tant because D33S measurements of sulfates formed after
major explosive volcanic eruptions in the tropics injecting
volatiles into altitudes >20 km may be used as an indicator
for the climate relevance of an eruption [Savarino et al.,
2003; Baroni et al., 2007; Baroni et al., 2008; Lanciki
et al., 2012]. However, the applicability of sulfur isotopic
measurements to interpret the climatic relevance of high-
latitude eruptions in general has yet to be demonstrated. The
1912 Katmai eruption in Alaska might serve as a test case
because it injected around 5 Tg of SO2 into altitudes
between 15 and 24 km [Stothers, 1996]. Even though the
1912 Katmai emissions reached altitudes at which photolysis
of either SO2 or SO3 is expected, the volcanic aerosol cloud
would need to be sufficiently spatially separated over time
for a time-dependent anomaly to be detectable. A sufficient
spatial separation is unlikely to be achieved for high-latitude
eruptions due to the limited latitudinal dispersion of their
volcanic aerosol clouds. One way forward might be to use
photochemical models that account for isotopic fractionation
[e.g., Pavlov and Kasting, 2002; Pavlov et al., 2005] to
simulate a range of high-latitude eruptions.
[31] One unresolved question about the Laki eruption is the

very high temperatures experienced in western Europe during
the summer of 1783 [e.g., Luterbacher et al., 2004] that were
contemporary with reports of a “dry fog” and the smell of
sulfur coinciding with the Laki eruption [e.g., Thordarson and
Self, 2003, and references therein]. Was this just a coincidence
or were the warm temperatures somehow caused by the
impacts of the Laki aerosol cloud? Climate model simulations
did not reproduce the summer warming [Oman et al., 2006a]
nor does it seem that the radiative forcing from sulfur dioxide
is large enough to explain the warm temperatures [Highwood
and Stevenson, 2003]. Furthermore, the role of the warm
temperatures in the summer of 1783 in inducing or contribut-
ing to the mortality crisis year of 1783 is not fully understood
[e.g.,Durand and Grattan, 1999;Grattan et al., 2003;Witham
and Oppenheimer, 2005; Schmidt et al., 2011, and references
therein]. Future work should also aim to make use of fully
coupled chemistry-aerosol-climate models to investigate and
reexamine potential feedbacks between, for example, the Laki
aerosol loading in both the upper and lower troposphere and
atmospheric circulation. There is also scope to further inves-
tigate whether Laki may or may not have contributed to the
unusual atmospheric conditions and below-average winter
temperatures that were observed not only in western Europe
but also Russia and Japan during 1783–1784 [Thordarson and
Self, 2003, and references therein], which cannot be explained
solely by the occurrence of a negative NAO phase and an El
Niño event.
[32] Governmental bodies in Europe are showing increasing

interest in the development of hazard mitigation strategies in
the event of another Laki-type eruption. Informed decisions
can be made based on a probabilistic assessment of the impact
of a Laki-type eruption on climate, atmospheric dynamics,
human health, agriculture, ecosystems and commercial avia-
tion. Such an assessment should aim to cover the full uncer-
tainty range inherent in Laki-type volcanic events including,
for example, the eruption column heights, the total amount of
volatiles released, the influence of the atmospheric back-
ground state (both dynamic state and oxidant availability),

the season of the eruption, and the role of volcanic ash in
affecting chemical processes and the radiative forcing of cli-
mate. Thus it is important to examine all hypotheses bearing on
the atmospheric impact of the 1783–1784 CE Laki eruption.
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